The Fe-incorporated carbon nanofibers (Fe-CNFs) grew on the graphite plate surface irradiated by Ar + ions with a simultaneous Fe supply. The average diameter and length of the Fe-CNFs were in the range of 10-50 nm and 0.5-3 µm, respectively. As confirmed by TEM observation, the Fe-CNFs thus grown were characterized by amorphous-like or very fine crystalline nature. Compared with bulk Fe, they possessed higher coercivities for both parallel and perpendicular directions to the substrate at room temperature. In addition, magnetic properties of the Fe-CNFs strongly depended on the Fe content: The higher the Fe content, the stronger the saturation magnetization, whereas perpendicular coercivity was obtained for lower Fe supply rates.
INTRODUCTION
Densely distributed 1-dimensional (1-D) composite nanomaterials, such as carbon nanotubes (CNTs) encapsulating metal nanowires [1, 2] , are one of the current topics in materials science and nanotechnology. The introduction of metals into CNTs may significantly change their electronic and mechanical properties [3] . The metal-filled CNTs are expected to have a variety of potential applications, such as xerography, biosensor, electronic and magnetic storage devices. Thus, the synthesis and application of these metal-filled CNTs is an important and challenging research area. For the synthesis of CNTs incorporating metals and metal oxides, various kinds of techniques have been developed, including capillary action [4] [5] [6] , arc-discharge method [7] [8] [9] , wet chemical method [10, 11] , catalyzed hydrocarbon [12] and pyrolyzing carbon-metal composites in Ar atmosphere [13] . However, in those conventional synthesis methods, the growth temperatures higher than 500 o C are generally required for the metal-filled CNT growth. For a wider range of applications of composite nanomaterials, the synthesis at low temperatures, ideally at room temperature, should be achieved.
In our previous works, we have demonstrated that Ar + -ion irradiation to bulk carbon and carbon-coated substrates induce the growth of amorphous carbon nanofibers (CNFs) on their surfaces without any catalyst even at room temperature [14] [15] [16] . In addition, Ni-C and Co-C nanocomposite fibers were also successfully fabricated by a simultaneous supply of Ni and Co during Ar + -ion irradiation at room temperature [17, 18] . Their morphological and crystalline structures depended strongly on the supplied metal species. Polycrystalline Ni were included in CNFs grown on conical tips and in nanorods for Ni case, whereas amorphous or very fine Co crystallites were dispersed in large asparagus-like structures and some of nanofibers possessed the graphitized structure for Co case [17, 18] . These facts imply a necessity of the further investigation on the metal supply effect for various metals to establish the tailored fabrication of nanocomposite fibers. If the tailored fabrication is achievable, their application fields will be further expanded, for example, to the plastic magnetic devices. As is well-known, Fe is ferromagnetic element similar to Ni and Co. In this work, we tackled the synthesis of Fe-incorporated CNFs (Fe-CNFs) by Ar + ion irradiation on the graphite surfaces with a simultaneous supply of Fe atoms at room temperature. Furthermore, their magnetic properties were investigated in detail.
EXPERIMENTAL DETAILS
The samples employed were mechanically polished graphite plates, 10 mm × 10 mm × 1 mm (thickness) in size (Toyo Tanso Co., Ltd.). The samples were irradiated with Ar + ions at 45 o from the normal to the surface using Kaufman-type ion gun (Iontech. Inc. Ltd., model 3-1500-100FC). An oblique Ar + irradiation is known to be more suitable for ion-induced CNF growth than sputtering at normal incidence [14] . For a supply of Fe atoms, an Fe sheet, 30 mm × 10 mm × 0.1 mm (thickness) in size, mounted perpendicularly near the graphite sample, was co-sputtered by Ar + ions. The etching rate for the graphite plate was 100 nm/min. Fe deposition rate depended on the distance between the Fe sheet and the sample. To change the deposition rate, the samples were placed at various distances from the Fe sheet. An experimental configuration of the graphite and the Fe sheet is shown in Fig. 1 . The diameter of the ion beam was 6 cm. Ion bombardment was done at 1 keV at room temperature for 60 min. The basal and working pressures of the growth chamber were 1.5×10 -5 Pa and 2×10 -2 Pa, respectively. For the crystalline structure analyses, thin graphite foils (80 µm in thickness; TKY Co., Ltd.) were also ion-irradiated under the same conditions as the graphite plates.
After sputtering, the morphology of the sample surfaces and the crystalline structure of Fe-CNFs thus grown were investigated by scanning [SEM (JEOL, JEM-5600)] and transmission electron microscopes [TEM (JEOL, JEM-3010)], respectively. For TEM analyses, the CNFs-grown graphite foils were directly mounted on a TEM sample holder without any post-treatment. For the quantification of Fe content in the Fe-CNFs, the energy x-ray (EDX) microanalyses of respective Fe-CNFs were carried out. Magnetic properties of the Fe-CNFs synthesized on the graphite plates were investigated by a vibrating sample magnetometer [VSM (TOEI Industry Co., Ltd., Tokyo, VSM-5)] with a maximum field of 10 kOe at room temperature.
RESULTS AND DISCUSSION
The graphite plate surfaces irradiated by Ar + ions with an Fe supply were covered with various types of nanostructures depending on the Fe supply rates [see also Figs. 3(b), 3(d) and 3(f)], similar to the Ni supply case [17, 19] . Fig. 2(a) shows a typical SEM image of ion-induced Fe-CNFs synthesized under an optimum Fe supply rate at room temperature. The Fe-CNFs grew on the tops of the cones and were sparsely distributed on the surface of the graphite plate. Different from the pure CNFs synthesized without any metal supply [14] , the Fe-CNFs were not so well aligned, some of which were curved or wavy. The diameter and length of the Fe-CNFs were in the range of 10-50 nm and 0.5-3 µm in average, respectively. Thus, the surface morphology was seriously influenced by a simultaneous Fe supply during sputtering.
Fe content in the Fe-CNFs was determined by EDX analysis of respective Fe-CNFs. For the EDX analyses, Fe-CNFs were fabricated on graphite sheets, and the sheets were mounted on a sample holder perpendicularly to the incident electron in a FESEM-EDX system to avoid the artificial contribution from the carbon substrate in the EDX analysis of the individual Fe-CNFs. The average concentrations of Fe were ~4.5, ~9.0 and ~40 at% for the Fe-CNFs fabricated with low, middle and high supply rates, respectively. Fig. 2(b) shows a typical TEM image of an Fe-CNF on the graphite foil. Similar to pure CNFs [17] , no boundary between a nanofiber and a cone was recognizable. As is shown in inset of Fig. 2(b) , the electron diffraction pattern (EDP) taken at the nanofiber disclosed that the nanofiber was characterized by the amorphous-like or very fine Fe crystalline nature.
Magnetic properties of the ion-induced CNFs with a simultaneous Fe supply were also investigated. Fig. 3 shows the magnetization curves measured at room temperature under an applied field ranging from -10 to 10 kOe for the Fe-CNFs grown on the surfaces of the graphite plates with various Fe supply rates. Every curve shows magnetic hysteresis, implying that the Fe-CNFs were ferromagnetic at room temperature. As shown in Fig. 3(a) , typical coercivities (coercive fields) are Hc‖≈ 70 Oe and Hc ⊥ ≈ 75.3 Oe for the directions parallel (in-plane) and perpendicular to the substrate, respectively. Those values are larger than typical value for a bulk Fe at room temperature (e.g., around 0.9 Oe) [1, 13] .
The larger Hc values for Fe-CNFs than bulk Fe may suggest that the coercivity for the Fe-CNFs was determined not only by Fe atoms, but also the interaction between Fe and C in the carbon nanocomposites. As seen in Figs. 3(a) and 3(c) , magnetization decreased with increasing applied field at strong applied fields. This may be due to a stronger diamagnetic effect of graphite than ferromagnetism of incorporated Fe particles [2] . In fact, decrease in the magnetization at high applied fields was more prominent for the samples prepared with less Fe supply rate [ Figs. 3(a) and 3(c) ].
From a comparison of Figs. 3(a), 3(c) and 3(e) , it was clear that saturation magnetization decreased with a decrease in Fe amount in Fe-CNFs. Nevertheless, coercivities in the perpendicular direction (Hc ⊥ ) increased from Hc ⊥ ≈ 58.6 Oe to Hc ⊥ ≈ 105 Oe with decreasing the Fe supply rate as shown in Fig. 4 . Thus, the incorporated Fe particles played a decisive role in the magnetization for Fe-CNFs grown on the graphite plate surfaces.
The magnetic property is in general explicable in term of the volume fraction of the magnetic element (Fe) in the matrix (CNFs). In the present case, the difference in coercivities of the Fe-CNFs is explained as follows: For Fe-CNFs with a lower Fe supply rate, the incorporated Fe The magnetization is thus determined dominantly by finite-size effects with interparticle magnetic interactions. By contrast, with an increase in the Fe supply rate, the Fe particles contact with each other to form a continuous path in the nanocomposites. In the present experiment, unfortunately, optimum Fe concentration for the highest coercivity achievable in the Fe-CNFs system was not determined experimentally. For this purpose, the dependence of the coercivity on the Fe content should be further investigated in lower Fe concentrations. Experiments along this line are now being undertaken using an arc-plasma gun as a Fe supply source with very low supply rates. In addition, the crystalline structure of Fe in the Fe-CNFs will affect the magnetic property. So, the synthesis of the Fe-CNFs at elevated temperatures to control the crystallinity will be interesting. This will be dealt with in a forthcoming paper.
Although the coercivity for the Fe-CNFs may be still lower than that required for practical applications for magnetic recording media, the ion-irradiation method will provide a new route for the synthesis of magnetic nanocomposites at room temperature. In this ion-irradiation method, any kinds of metals including alloys can be incorporated into CNFs. Our next subject is the investigation of morphology, crystalline structure and magnetic properties of ion-induced CNFs incorporated with alloys which possess higher ferromagnetism than Fe. We are trying to fabricate the metal incorporated CNFs for high-density memory media using this simple and effective fabrication approach. The results will be dealt with in a forthcoming paper.
CONCLUSIONS
The Fe-CNFs grew on the graphite plate surfaces by Ar + ion irradiation with a simultaneous Fe supply. They showed higher coercivities in the directions both parallel and perpendicular to the substrate compared with that of the bulk Fe at room temperature. In addition, Fe atoms played a decisive role in the magnetic properties of the Fe-CNFs: The higher the Fe content, the stronger the saturation magnetization, whereas the lower the Fe supply rate, the higher the perpendicular coercivity. Thus, the ion-irradiation method was believed to be promising as a new approach to synthesize magnetic nanocomposites at room temperature.
